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(57) ABSTRACT

A control system for a tethered aerostat is provided, where up
to two rotational and at least one translational degree of
freedom are controlled to setpoints through the variation of
tether lengths by an actuator system. The term tether includes
a single tether, a tether group or a sub section of tether con-
trolled by an individual actuator. Accurate rotational and
translational control is essential for the successful operation
of an aerostat under several applications, including surveil-
lance, weather monitoring, and power generation. For a given
use case, the controller can be constructed and arranged to
manage the tradeoff between several key performance char-
acteristics, such as transient performance, steady-state point-
ing accuracy, tether tension regulation, and power generation.

5 Claims, 4 Drawing Sheets
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1
SYSTEMS AND METHODS FOR ATTITUDE
CONTROL OF TETHERED AEROSTATS

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
Application Ser. No.61/537,102, filed Sep. 21, 2011, entitled
SYSTEMS AND METHODS FOR ATTITUDE CONTROL
OF TETHERED AEROSTATS, the entire disclosure of
which is herein incorporated by reference.

FIELD OF THE INVENTION

The present invention relates to control systems and meth-
ods of tethered aerostats.

BACKGROUND OF THE INVENTION

Moored (tethered) acrostats have had widespread use in
several applications, including surveillance, advertising, and
weather monitoring, where the aerostat’s stationary position
and altitude control allows its objective to be carried out
successfully. There has been an increased desire to substitute
tethered aerostats or kite-based systems for traditional wind
turbines in order to deliver significantly more wind energy
than a traditional turbine at a fraction of the cost. In all of these
applications, it is desirable that the altitude of the aerostat be
controlled and that the aerostat remains steady during opera-
tion. For wind energy generation applications, aerostat-based
systems offer an advantage over kite-based systems due to the
fact that they are based on well-established core technology
and include a “lighter-than-air” (often helium) lifting body
that provides upward force even in the absence of wind. Still,
because such aerostats are often affected by aerodynamic as
well as buoyant forces, poor control over attitude can disad-
vantageously lead to loss of dynamic stability. Furthermore,
in applications such as wind energy generation, the perfor-
mance of the system is contingent not only on altitude control
but also on the ability for the aerostat to point in a desirable
direction, where the direction that the aerostat points is
referred to as its “attitude”.

Prior systems have concentrated on altitude control for
tethered aerostats, providing a configuration for which the
aerostat remains stationary but is not controlled to a particular
attitude. Furthermore, several concepts, such as the method
and apparatus described in U.S. Pat. No. 5,080,302, filed Sep.
5, 1990, entitled METHOD AND APPARATUS FOR AERI-
ALLY TRANSPORTING LOADS, by Hoke, provide for this
stability by leading the tethers to points on the ground that are
widely separated. This type of design requires an elaborate
ground station for control of the aerostat altitude and requires
an additional pivot at altitude for the aerostat to passively
orient itself into the wind, a requirement that is essential for
energy generation. Accordingly, there is a need for a system
that provides control for a system effectively and efficiently
by lessening the need for external control devices and/or
sophisticated calibration algorithms, to control attitude of a
tethered aerostat.

SUMMARY OF THE INVENTION

To overcome the disadvantages of the prior art, in accor-
dance with an illustrative embodiment this invention employs
two or more actuators, originating from a single actuator
platform on the ground, to control the aerostat altitude and at
least one independent attitude variable. This lessens need for
additional control in terms of camera adjustment for surveil-
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lance and reduces the need for sophisticated calibration algo-
rithms on weather instrumentation that is mounted on the
aerostat. Furthermore, for power generation applications,
altitude control allows the acrostat to seek the optimal altitude
for wind strength, without exceeding its rated capacity, and
attitude control allows for further optimization of power gen-
erated, while also providing a mechanism for ensuring system
stability when aerodynamic forces dominate buoyant forces.

A control system for a tethered aerostat includes an actua-
tor system for accurate rotational and translational control of
the aerostat. In an illustrative embodiment, a tethered aerostat
is connected to an actuation platform via tethers. The actua-
tion platform includes at least two independent actuators that
control the release speeds of the tethers attached to the actua-
tors. Controlling the release speeds of the tethers thereby
controls the tether length. Illustratively, the aerostat is con-
nected to the actuator system via at least two tethers. The
number of tethers is highly variable and typically includes at
least two in an illustrative embodiment. According to the
illustrative embodiment, each tether terminates at a single
actuator on the actuation platform which has a control unit for
providing input to the actuators in order to achieve the desired
tether release rates. The control unit provides commands to
the actuators in order to regulate at least two independent
position and/or orientation (attitude) variables.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention description below refers to the accompany-
ing drawings, of which:

FIG. 1 is a schematic diagram of the overall system archi-
tecture for an aerostat as tethered to an actuation platform,
according to an illustrative embodiment;

FIG. 2 is a schematic diagram of a top view of an actuator
platform of the system, according to the illustrative embodi-
ment;

FIG. 3 is a block diagram of the various inputs and areas of
control for the combination and restriction process, according
to the illustrative embodiment;

FIG. 4 is a diagram of a side view of an aerostat and its
various components, according to the illustrative embodi-
ment;

FIG. 5 is a block diagram of the various stages for deter-
mining setpoints of a reference governor in accordance with
the illustrative embodiment; and

FIG. 6 is a flow diagram of the modal control for operation
of the main controller, in accordance with the illustrative
embodiment.

DETAILED DESCRIPTION

According to various illustrative embodiments, a control
system for a moored (or tethered) aerostat varies the tether
lengths through an actuator system. The term “tether” as used
herein refers to a single tether, a group of tethers or a sub-
section of tether controlled by an individual actuator or any
other combination of tethers known to those ordinarily skilled
in the art. The fabric and materials used for tethers is highly
variable within ordinary skill. Accurate rotational and trans-
lational control of an aerostat is highly desirable for the suc-
cessful operation of an aerostat. There are several applica-
tions for aerostats, including surveillance, weather
monitoring and power generation, among others. The con-
troller manages the tradeoff between several key performance
characteristics, such as transient performance, steady-state
pointing accuracy, tether tension regulation and power gen-
eration, as described in greater detail hereinbelow. Further-
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more, in applications such as wind energy generation, the
performance of the system is contingent not only on altitude
control but also on the ability for the acrostat to point in a
desirable direction, where the direction that the aerostat
points is referred to as its “attitude”. For useful background
information relating to various embodiments of acrostats and
energy-producing turbines, refer to commonly assigned U.S.
application Ser. No. 12/579,839, filed Oct. 15, 2009, entitled
POWER-AUGMENTING SHROUD FOR ENERGY-PRO-
DUCING TURBINES, by Benjamin W. Glass, the entire
disclosure of which is herein incorporated by reference.

In an illustrative embodiment, the system described herein
uses extremum seeking control for determination of an alti-
tude setpoint, in which the altitude of the system is periodi-
cally perturbed and power output is evaluated. In the embodi-
ment, the altitude setpoint is adjusted in a direction in which
power output is observed to be increasing.

In another illustrative embodiment, the system described
herein is a model predictive control (MPC) system for deter-
mination of setpoints, in which a trajectory of setpoints is
computed in order to deliver optimal performance over a
receding horizon. For example, for a horizon length of N
steps, which comprises NT seconds, where T is the controller
time step (in seconds), the MPC system is set up to minimize
a cost function:

k+N-1

lx(k), rik) = u Z g k), r(j1 k)

i=k

Subject to constraints:
x(IK) eX, i=k. . . k+N-1
r(jlk) € R, i=k. .. k+N-1

where x represents the state of the system and r represents the
manipulated variables (in this case, pitch, roll, and altitude
setpoints) to the system. The stage cost, g, can consist of as
many terms as desired to properly characterize the perfor-
mance properties of the system that are to be traded off.
Furthermore, as many constraints as appropriate can be incor-
porated to maintain the optimization problem as feasible. In
an illustrative embodiment, the stage cost consists of a term
for power usage, another term for transient performance, and
a state constraint for tether tension.

In order to limit the amount of energy consumed by the
actuator system, and ensure that the actuator system does not
remain continuously active during the course of operation,
the various illustrative embodiments are constructed and
arranged such that the controller incorporates a deadband. In
this deadband the control signal is equal to approximately O
whenever certain prescribed signals are sufficiently close to
their desired values. Taking the control input (i.e., tether
release rate) at discrete time instant k as u(k) and a generic
performance variable at time instant k as y(k), this deadband
is implemented as an adjustment of the raw control input, u™"
(before the deadband is applied) as follows:

umwk, > deadband
i) = k), 1yl >y

o, otherwise

In general, there is no limit to the number of variables on
which the deadband can apply.

According to an illustrative embodiment, a hysteresis loop
is incorporated within the controller, such that the deadband
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entry criteria differs from the deadband exit criteria. The
application of the deadband is modified as follows, taking
u(k) as the control input, in accordance with the illustrative
embodiment:

0, . ydeadband
i) = (), Iyl>y
o, otherwise
if lutk - 1) =0
0, . ydeadband
i) = (), Iyl>y
o, otherwise

A power generation unit can be incorporated within or
otherwise connected to the aerostat, which consists primarily
of a turbine and generator. The generation unit can also
include additional signal conditioning equipment (such as
step-up transformers, for example), to transform the gener-
ated electrical signal to a higher voltage signal for the purpose
oftransmission to a base station. A conductive element can be
included in one of the tethers used for control, or an additional
tether can be provided for transmission of power to the base
station. The energy-generation embodiment is applicable to
the various illustrative embodiments described hereinabove.

In accordance with an illustrative embodiment, a tethered
aerostat 11 shown in FIGS. 1 and 2 is secured to an actuation
platform 12 having at least 2 independent actuators 21 that
control the release speeds of the aecrostat tethers that are
attached to the actuators. Controlling the release speeds ofthe
tethers thereby controls the tether length. The acrostat 11 is
connected to the actuator system via tethers 13. As shown in
FIG. 2, each tether terminates at a single actuator. A control
unit 22 provides inputs (voltages or other inputs known in the
art) to the actuators 21 to achieve desired tether release rates
at the actuators. The control unit 22 provides commands via
communication links 23 to the actuators 21 to regulate at least
two independent position and/or orientation variables, such
as pitch angle and attitude. In an illustrative embodiment, the
actuators can be electric winches. The actuation platform 11
is free to rotate about a pivot axis 24. In an illustrative embodi-
ment, for example as shown in FIG. 3, the control system
drives pitch angle, 8, to a feasible setpoint, 6, drives roll
angle, ¢, to a feasible setpoint, ¢, , and regulates altitude, z, to
a feasible setpoint, z,,. In the illustrative embodiment shown
in FIG. 3, separate pitch, roll, and altitude controllers deter-
mine commands for the difference between the forward and
aft tether release rates (AUg, ., u4), the difference between
the left and right tether release rates (Au,g,,.s,), and the
average tether release rate (u,,, ), respectively. These separate
commands are then aggregated in a subsequent block via a
relationship such as:

Upont,jefi=Uave t AU forpardiaft Dl iefirighe
Upont,right—Uavet A foryardiafiMicfiright
Ufy tefiYave= Ml forardiaptAiesyrigh:

uaft,right:uave_Auforward/aft_Auleft/right

where u represents a tether release rate command.

An optional remotely-operated host computer 15 allows
the user to interact with the system via a communication link
16, which can be wired or wireless. According to an illustra-
tive embodiment, the communication link of 16 is bi-direc-
tional, allowing a remote user to input commands to the
actuator platform 12 and receive data (telemetry) from it. The
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communication link 16 can also be uni-directional to allow
for uni-directional flow of data from the actuator platform to
the remote user and vice versa.

An additional data processing device 44 can be provided,
such as a microcontroller or rapid prototyping board, that
receives and aggregates the data from the measurement units
on the aerostat 11 and sends this data through the conductive
cable element to the control unit 22 via the aforementioned
communication link 14. See FIG. 4 for example. This aerostat
data processing device 44 can include filters (for example for
extracting important information from noisy signals or blend-
ing several measurements), as well as algorithms for priori-
tizing and timing the dissemination of data packets through
the conductive tether to the control unit 22.

A wind measurement unit 42 can be employed to measure
wind velocities and communicate these measurements to the
base station control unit 22 via the communication link 14, in
accordance with ordinary skill.

A tension measurement device 43 can be employed, such
as a load cell or strain gauge, to measure the tension within at
least one tether and communicate this measurement to the
control unit 22 via the communication link 14. As illustrated
in FIG. 4, this tension is measured at the point of attachment
between the tethers and shroud. In further embodiments, the
tension is measured at the base station through load cells that
measure the reaction between the actuators and base station.

The “Combination and Restriction” element or process in
FIG. 3 is constructed and arranged to limit tether release
commands whenever tether tensions fall below a specified
threshold. In an illustrative embodiment, this block limits
both forward release rate commands to a maximum of
approximately O, indicating that tether can be pulled in but not
released, any time that all forward tether tensions fall below
the threshold. The combination and restriction process also
restricts both aft tether release rate commands to a maximum
of approximately 0 any time that all aft tether tensions fall
below the threshold. In another illustrative embodiment, the
combination and restriction block limits both forward release
rate commands to a maximum of approximately 0 any time
that the average forward tether tension falls below the thresh-
old and limits both aft tether release rate commands to a
maximum of approximately O any time that the average aft
tether tension falls below the threshold. In another illustrative
embodiment, the combination and restriction block includes
a tether tension controller that computes separate tension-
based control input commands for each tether. In the illustra-
tive embodiment, the final control commands are taken as the
minimum of the tension-based control input commands and
the original input commands, Us.,., 705 Usons,righs Yagr.zens 204
U5 g derived from altitude, pitch and roll controllers.

As shown in FIG. 4, an inertial measurement unit (IMU)
41, can be included in or on the aerostat 11, which measures
roll, pitch, and yaw angles and their rates of change. A com-
munication link 14 is provided (for example, a hard-wired or
wireless communication), which communicates measured
attitude and rate measurements between the aerostat 11 and
the control unit 22.

A pivot axis 24 is defined on the actuator platform 12,
which includes a heading sensor 25 such as a magnetometer,
and a communication link 26 between the heading sensor and
the control unit 22. A rotational actuator 27 is also optionally
employed and can be used to actively alter the heading of the
actuator platform. The heading reading from the sensor 25 is
used in conjunction with the shroud heading from its IMU 41
of'the aerostat 11 to compute the appropriate control input to
the rotational actuator 27.
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The systems and methods herein also support constrained
optimization-based determination of setpoints. According to
an illustrative embodiment, the control unit 22 for the main
invention does not receive setpoints input by an external user
but rather optimizes these setpoints internally via an optimal
control technique. This advantageously allows users to trade
off multiple performance objectives (for example, transient
performance and tether tensions).

The foregoing has been a detailed description of illustrative
embodiments of the invention. Various modifications and
additions can be made without departing from the spirit and
scope of this invention. Each of the various embodiments
described above may be combined with other described
embodiments in order to provide multiple features. Further-
more, while the foregoing describes a number of separate
embodiments of the apparatus and method of the present
invention, what has been described herein is merely illustra-
tive of the application of the principles of the present inven-
tion. For example, the teachings herein are applicable to a
wide range, size and type of aerostats without departing from
the scope of the present invention. Shape and contour of the
aerostat are highly variable so long as they include the control
systems and methods described herein. Additionally, direc-
tional and locational terms such as “top”, “bottom”, “center”,
“front”, “back”, “above”, and “below” should be taken as
relative conventions only, and not as absolute. Finally, the
placement and location of actuators and tethers are highly
variable so long as they are in accordance with the teachings
shown and described herein. Accordingly, this description is
meant to be taken only by way of example, and not to other-
wise limit the scope of this invention.

What is claimed is:

1. A system for controlling a tethered aerostat, the system
comprising:

a base station including an actuation platform having an
actuator system that is secured to the tethered aerostat
via a plurality of tethers;

the actuation platform having at least two actuators that
each respectively control release speeds of at least some
of the plurality of tethers, the actuation platform is con-
figured to freely rotate about a pivot axis;

a control unit that provides input to at least one of the at
least two actuators to control the release speed of the
controlled tethers, the control unit adjusting tether
release speeds in order to achieve accurate rotational and
translational control of the aerostat, and including the
control of at least two translational and/or rotational
variables, the control unit comprising separate pitch,
roll, and altitude controllers that determine a difference
between forward tether and aft tether release rates, a
difference between left tether and right tether release
rates, and an average tether release rate; and

a remote computer/microcontroller and uni- or be-direc-
tional communications link between the base station and
the remote computer.

2. The system as set forth in claim 1 including a computer/
microcontroller aboard the aerostat and uni- or bi-directional
communications link between the base station and aerostat.

3. The system as set forth in claim 1 further including a
sensor or sensors capable of measuring wind speed and/or
direction.

4. The system as set forth in claim 1 further including
sensors capable of measuring tension in the tethers.



US 9,187,165 B2
7

5. The system as set forth in claim 1 including an energy
generation device at the aerostat for transmitting electrical
energy from the aerostat to the base station.
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